Plants ameliorate heat stress by avoiding heat loading, reducing tissue 17 temperature through evaporative cooling, and/or through tolerance, i.e. 18 maintaining function at high temperature. Here Arabidopsis thaliana natural 19 populations from two ends of an elevation gradient in NE Spain were used to 20 ask: do plants from contrasting climates 1) show genetically based differences in 21 heat stress damage and 2) adopt different avoidance-tolerance patterns? Four 22 35
low-and four high-elevation populations were repeatedly exposed to high 23 temperature (45 o C) in a growth chamber at bolting stage. High temperature 24 induced 23% more inflorescence branches, 25% longer total reproductive branch 25 length, and 12% less root dry mass, compared with control. However summed 26 fruit length, hence fitness, decreased by 15%, populations did not differ 27 significantly in fitness reduction. High elevation populations showed more 28 avoidance, i.e. lower rosette temperature at 45 o C. Low elevation populations 29 showed more tolerance, maintaining relatively higher photosynthetic rate at 45 o C. 30 Avoidance was associated with high transpiration rate and flat rosette leaf angle. 31 Tolerance was negatively associated with heat shock protein 101 (Hsp101) and 32 salicylic acid (SA) accumulation. The divergent avoidance-tolerance patterns for 33 populations from thermally contrasting climates may indicate both constraints on 34 the evolution and contrasting adaptive divergence regulated by local climates.
Introduction 39 Abiotic stresses, such as temperature and drought, are main range 40 limitation determinants. Heat stress imposed by daily temperature fluctuation can 41 cause severe damage to plants, including reduction of plant growth and 42 alterations in photosynthesis and phenology. Such disruptions are ultimately 43 likely to cause reduction in resources available for reproduction (Hasanuzzaman 44 et al. 2013). It is therefore quite likely that frequent heat stress will reorganize 45 allocation and physiology through selection for the highest fitness response to 46 high temperature events. Careful observation of the relationship between a 47 plant's thermal environment and the specific mechanisms of adaptation to heat 48 stress in wild populations is very limited, despite its likely relationship to 49 extinction at the warmer end of species' ranges. 50 In general, we define a heat stress as a diurnal temperature pattern in 51 which plants display reduced fitness compared to some other temperature 52 pattern (SØrensen 2001). Usually, the maximum stress temperature is about 10 53 to 15 o C higher than the optimum for broadly distributed species and as little as 54 5 o C higher than the optimum in species with narrow geographic ranges 55 (Lindquist 1986 ). 56 Plants have developed both long-term and short-term adaptations to high 57 temperature (Hong et al. 2003) . Evolutionary adjustments of the timing of life 58 history events (Montesinos-Navarro et al. 2011) and further adjustments in the 59 timing of allocating of resources to rosette and inflorescence (Wolfe and Tonsor 60 2014), are mechanisms that allow annual plants to escape from the most 61 stressfully high temperature period by adjusting life cycle timing. To further 62 reduce or prevent stress from high temperature during the active growing 63 season, adaptive responses can be described as part of two main strategies, 64 avoidance and tolerance (Sakai and Larcher 1987) . 65 Stress avoidance is a strategy through which plants adjust their internal 66 states in ways that reduce exposure to a potentially damaging environment 67 (Touchette et al. 2009 , Puijalon et al. 2011 . For most plants, leaves are the most 68 important structure for obtaining energy and carbon (but see (Earley et al. 2009 )). 69 On average, avoidance can lower leaf surface temperature across growing 70 season by 4 o C compared to ambient temperature in cotton (Wiegand and 71 Namken 1966). Generally, the higher the air temperature, the larger the 72 differential between air and leaf can be (Linacre 1967 , Wilson et al. 1987 ). Leaf 73 temperature thus becomes an ideal indicator to keep track of plants' heat 74 avoidance. 75 Avoidance can also be achieved by leaf orientation adjustment (Jones and 76 Corlett 1992, Zlatev et al. 2006 ). Many plants adjust leaf angle, thus reducing the 77 leaf area that is exposed to heat from sunlight (Bradshaw 1972 , Huey 2002 . 78 Populations originating from high temperature sites have higher leaf angle in heat 79 stress in Arabidopsis thaliana (Vile et al. 2012 ) and in Aractostaphylos species 80 (Shaver 1978 , Ehleringer 1987 , Fu 1989 . 81 Avoidance can also be achieved through transpiration which is 82 immediately elevated at high temperature, thus cooling the leaf surface (Shah et 83 al. 2011). The threshold temperature that controls the relative rate of 84 transpiration is species-specific (Mahan 1990 ). The transpiration process is 85 closely connected with stomatal opening (Burke and Upchurch 1989 (Hartl 1996 and tolerance, different strategies responding to the same stimuli, is of primary 138 ecological interest, as it may reveal constraints that limit the evolution of the traits 139 involved in the response and variation in a broad range of architectural traits of 140 canopies, leaves and stems, all involved in these strategies. 141 In this study we use a set of wild-collected Arabidopsis thaliana interested in heat stress in the context of water use. 147 We ask two questions. Do populations from thermally contrasting climates: 192 We were able to measure total plant fitness 60 days after the first heat 193 treatment, since plants were at that time nearly completely senesced. As 194 explained in the results, there were two distinct types of fruits, aborted and 195 mature. The distinction between the aborted and mature was visually obvious. 196 Sampling a substantial number of aborted fruits showed that they contained no Resource allocation quantification 207 We anticipated that heat stress would change resource allocation to the at the time of the heat stress ( Fig.S4 ). After heat stress, the apical meristem 282 recovered growth but the fruits from the damaged portion of apical meristem did 283 not successfully mature. Dissection of fruits from damaged apical meristem 284 showed no viable seeds. We did not count such fruit in our measure of total fruit 285 lengths. 286 Plants from low elevation produced greater total fruit length than plants 287 from high elevation (p<0.0001) across both heat stress and control treatments. 288 Across the experiment as a whole, plants from low elevation produced more 289 basal branches (p<0.0001), greater reproductive length (p<0.0001), and lower 290 root dry mass (p<0.0001) than plants from high elevation. Plants from both low 291 and high elevations showed 15% reduction in total fruit length when exposed 292 repeatedly to 45°C (p=0.0007, Fig.1a ). Under heat stress, all populations 293 showed about 25% longer reproductive length (p=0.01, Fig.1c ), while only high 294 elevation populations showed 23% more basal branches (p=0.005, Fig.1b ) and 295 12% less root mass (p=0.0001, Fig.1d ). We did not see a significant difference in 296 the above responses to heat stress between low vs. high elevation populations 297 (Table S1 ).
Fitness quantification

298
High elevation populations showed greater avoidance 299 All plants maintained rosette temperatures that were statistically 300 significantly different from ambient air temperature under all conditions (Fig.2) . 301 The direction of the difference in rosette temperature depended on the ambient 302 temperature. All plants, regardless of elevation of origin, increased their rosette 303 temperature relative to ambient temperature under the 22°C control condition. 304 High elevation populations increased about 1.2°C more than low elevation 305 populations (high vs. low: 24.4°C vs. 23.2°C, p<0.0001). 306 When exposed to heat stress, however, both low and high elevation 307 populations maintained rosette temperature significantly and substantially lower 308 than ambient air temperature, on average by 7.7°C across all populations. High 309 elevation populations reduced rosette temperature 1.8°C more than low elevation 310 populations (low vs. high: 38.2°C vs. 36.4°C, p = 0.004). We saw greater heat 311 stress avoidance in high elevation populations (Fig.2) . 312 Considering both the control and heat stress treatments together, high 313 elevation populations exhibit greater rosette temperature homeostasis than low 314 elevation populations (Fig.2) . 315 Low elevation populations showed greater tolerance 316 Heat tolerance is the ability of a plant to perform normal plant functions 317 when exposed to high temperature. Here we measured photosynthesis, one of 318 the key plant functions, as a measure of tolerance ( Fig. 3 ). Greater 319 photosynthetic rate indicates relatively higher tolerance. We saw a significantly 320 lower photosynthetic rate in low compared to high elevation populations under 321 the control temperature (p<0.0001). 322 However, with a 45 o C heat stress, low elevation populations showed no 323 significant change in photosynthetic rate, while high elevation populations 324 significantly reduced their photosynthetic rate (Elevation group*Heat treatment 325 interaction: p=0.003, Table S1 ). Low elevation populations were significantly 326 more heat tolerant than high elevation populations (p<0.0001).
327
Avoidance was positively associated with high transpiration rate and flat 328 rosette angle 329 We measured rosette angle and transpiration rate as potential traits 330 associated with avoidance ( Fig. 4, Fig.5 , Table S1 ). 331 Rosette angle differed between low and high elevation populations 332 regardless of treatment, with low elevation populations exhibiting sharper rosette 333 angle (low vs. high mean rosette angle: p=0.0005). However, under our 334 measurement protocol the rosette angle was not significantly affected by heat 335 treatment (Fig. 4a) . 336 High elevation populations showed significantly higher transpiration rate 337 than low elevation populations under the control temperature (p<0.0001, Fig.4b ). 338 Transpiration rate was significantly increased with heat treatment (p<0.0001), 339 with high elevation populations increasing significantly more than low elevation 340 populations (p=0.0002). 341 Our MANOVA analysis explained 94% of the variation in avoidance 342 (p<0.0001, Table 1 ). Significant interaction effects were observed between 343 elevation groups and heat treatment (p<0.0001), indicating that low and high 344 elevation populations have evolved different responses to heat. We also saw a 345 significant effect of rosette angle (p=0.005). However, we did not see a significant 346 effect of transpiration rate. We observed highly significant nested effects for both 347 population and genotype (p<0.0001 for both). 348 To further explore the direct relationship between transpiration rate and 349 avoidance, separate regression analyses in the two heat treatments of DeltaT on 350 transpiration rate showed a significant positive relationship between transpiration 351 rate and DeltaT at 45 o C (p=0.009, Fig.5 ), e.g., higher transpiration rate was 352 associated with higher DeltaT. We did not see a significant relationship between 353 transpiration rate and DeltaT in the control (Fig.5 ). Even though we did not detect 354 a significant effect of transpiration rate on DeltaT in the MANOVA analysis, this 355 separate analysis confirmed its direct effect on DeltaT at 45 o C. We consider 356 these apparently contradictory results for transpiration rate's effects in the 357 discussion.
358
Tolerance was negatively associated with Hsp101 and SA accumulation 359 With heat stress, Hsp101 accumulation was significantly increased 22 fold 360 and 8 fold for low and high elevations populations, respectively (Fig. 6a,   361 p<0.0001, Table S1 ). However, because of the large variation within each 362 elevation group, we did not detect a significant difference between low vs. high 363 elevation populations in Hsp101 accumulation in the heat treatment ( Fig.6a ). 364 Both free and total SA were higher in low elevation populations than in 365 high elevation populations across the experiment as a whole (Fig. 6b , free 366 salicylic acid: p=0.0001; total salicylic acid data not shown). However, with heat 367 treatment, high elevation populations significantly increased free and total SA, 368 while low elevation populations showed no significant difference compared to 369 control (Fig. 6b ) in the 45 o C heat stress. 370 Our MANOVA explained 93% of the variation in tolerance (p<0.0001, 371 Table 2 ). Significant effects of Hsp101 accumulation (p=0.005), total SA 372 (p<0.0001), free SA (p=0.005) were observed. The interaction between elevation 373 group and heat treatment (p=0.01) was also significant (Table 2) , indicating 374 evolved differences in elevation groups in their response to high temperature. 375 Univariate regression analysis of photosynthetic rate on Hsp101 376 accumulation showed a significant negative relationship, e.g., higher Hsp101 377 accumulation was associated with lower photosynthetic rate (p=0.03, data not 378 shown). A negative relationship was also found between photosynthetic rate and 379 free SA accumulation (p=0.005). These two univariate analyses are concordant 380 with the results of the MANOVA.
381
Discussion
382
Here we have shown that a 45 o C repeated heat stress imposed 383 periodically starting at the bolting stage is a significant heat stress for genetic 384 lines collected from natural populations of Arabidopsis thaliana in NE Spain, 385 since it caused significant decrease in fruit production compared to a benign 386 control temperature (Fig.1) . We then showed that, although both avoidance and 387 tolerance were observable in all populations in response to heat stress, high 388 elevation populations manifested more avoidance (Fig.2) and low elevation 389 populations showed more tolerance (Fig.3) . Our mechanistic analyses further 390 showed that avoidance was positively associated with high transpiration rate and 391 flat rosette angle (Fig.4, Fig.5 , Table 1 ), while tolerance was negatively 392 associated with Hsp101 and SA accumulation ( Fig.6 , Table 2 ). The 8 populations 393 used in this study are part of 17 populations along a climate gradient described in 394 previous studies. In those prior studies we observed strong clines in many traits were more homeostatic than low elevation populations (Fig.2 ). Our study also 469 supported Mahan and Upchurch's (1988) (Table 1) . 478 Measures of transpiration rate are noisy, especially at high temperature. Leaf angle did not show the significant hyponastic response we expected 501 in this study. This is likely because we measured this trait too soon after heat 502 stress. A constitutively steep leaf angle is a long-term adaptive trait to deal with 503 water deficit, high radiation load, or high temperature (Fu 1989 Table 2. ANOVA table for tolerance using photosynthesis rate as a dependent,   875 and Hsp101, free and total salicylic acid as well as heat treatment and climate of 876 origin and their interaction as potential causal factors. This model explains 93% 877 variation we saw in tolerance. 
